INTRODUCTION
============

It has been known for several decades that GMP and guanine polymers form viscous gels in aqueous solutions ([@B2]). G-quartets were postulated to be the building blocks of four stranded assemblies or G-quadruplexes. However, these structures were mostly viewed with curiosity, as there was no evident application, nor was their biological relevance known at that time. More recently, interest for G-quadruplex structures has increased due to the role of G-rich DNA in telomere sequences and gene promoter regions ([@B3; @B4; @B5; @B6; @B7; @B8; @B9; @B10]). G-quadruplex formation has been associated with human diseases (e.g. cancer, HIV or diabetes) ([@B4],[@B11; @B12; @B13; @B14; @B15]) and the sequences that form these structures are now considered therapeutic targets ([@B16; @B17; @B18]).

G-quartets are assembled from four coplanary arranged guanine bases that are held together by Hoogsteen hydrogen bonds ([@B2; @B3; @B4],[@B19; @B20; @B21; @B22]). In the center of each G-quartet are four closely spaced carbonyl groups whose electrostatic repulsions are reduced by the coordination of cations ([@B23]). G-quadruplexes are formed by the stacking of two or more G-quartets. The strand stoichiometry of a G-quadruplex is primarily determined by the number of G-rich repeats in the quadruplex-forming sequence. Short oligonucleotides with a single G-rich segment usually form parallel, tetramolecular G-quadruplexes. In such structures, the glycosidic bonds of all guanines are in the *anti* conformation. Longer oligonucleotides with two or more G-rich segments can form bi- or unimolecular G-quadruplex structures ([@B1],[@B24; @B25; @B26; @B27]). For unimolecular quadruplexes, the four G-rich segments of a DNA strand can still align in a parallel fashion, if the intervening bases form loops with a double-chain reversal conformation. Alternatively, the G-rich segments of bi- and unimolecular G-quadruplexes can align themselves in an anti-parallel fashion and form the so-called 'fold-back' quadruplexes. In these structures, guanine glycosidic bonds alternate between *syn* and *anti* conformations around a G-quartet and along an oligonucleotide strand. In fold-back G-quadruplexes, the loops connecting G-rich segments run diagonally across the face or along the edges of the outer G-quartets.

G-quadruplexes are typically stabilized by monovalent cations, but some divalent cations are also known to stabilize G-quadruplex structures ([@B28; @B29; @B30; @B31]). Not surprisingly, various cations stabilize G-quadruplexes differently ([@B23],[@B32]). The presence of different cations can lead to conformational plurality ([@B33],[@B34]). Our recent studies have suggested that the G-quadruplex topologies and 3D structures of some G-rich oligonucleotides with two G-rich repeats are more susceptible to the presence of different cations than others ([@B35; @B36; @B37; @B38; @B39]). Oligonucleotide with four human telomeric repeats, d(T~2~AG~3~), forms a unimolecular G-quadruplex with diagonal- and edge-type loops in the presence of Na^+^ ions ([@B40]), whereas completely different structure with four parallel G-rich strands has been determined by X-ray crystallography in the presence of K^+^ ions ([@B41]). A mixture of parallel--anti-parallel strands has also been observed for sequences containing d(T~2~AG~3~) repeats in solution ([@B42; @B43; @B44; @B45]).

K^+^ and Na^+^ are biologically important cations, as they are present in and around living cells at the highest concentrations. Na^+^, a relatively small cation can be coordinated in the plane of a G-quartet, while larger cations (e.g. K^+^, ) have to be coordinated between two adjacent G-quartets ([@B3],[@B46; @B47; @B48; @B49]). At present, there are limited detailed studies of the binding and dynamic properties of cations within G-quadruplex structures. The use of heteronuclear (metal ion) NMR to directly monitor Na^+^, Tl^+^, K^+^ and Rb^+^ cations has confirmed the direct coordination of these cations inside G-quadruplex structures ([@B50; @B51; @B52; @B53; @B54; @B55; @B56; @B57; @B58; @B59]). The introduction of ions as a probe for cation localization within G-quadruplex structures has opened a whole range of new opportunities for studies with NMR ([@B49],[@B60; @B61; @B62]).

In the current study, we have focused on d\[G~4~(T~4~G~4~)~3~\], which consists of 3.5 units of the telomeric repeat sequence d(G~4~T~4~)*~n~* of the protozoan *Oxytricha nova*. The unimolecular G-quadruplex adopted by this oligonucleotide in solution with Na^+^ ions consists of four G-quartets with alternating parallel and anti-parallel strands ([Figure 1](#F1){ref-type="fig"}) ([@B1]). The conformation of guanine nucleosides along the strands alternates between *syn* and *anti*. One of the T~4~ loops spans diagonally across the outer G-quartet, while the two T~4~ loops on the other side of the G-quadruplex core run along the opposite edges of the outer G-quartet. d\[G~4~(T~4~G~4~)~3~\] was folded into a G-quadruplex in the presence of ions and confirmed by NMR to adopt the same solution state structure. As expected, three binding sites for ions were identified within the G-quadruplex, whereas no ions could be localized between the outer G-quartets and T~4~ loops. Cations bound inside the d\[G~4~(T~4~G~4~)~3~\] quadruplex are not static. These cations exchange amongst the three binding sites within the G-quadruplex and with bulk solution. We have studied exchange using a 2D ^15^N--^1^H NzExHSQC NMR experiment and assessed the exchange processes of ions in a qualitative and quantitative manner. The comparison of our results for ion movement with cation movement measurements previously obtained for a bimolecular G-quadruplex adopted by the related DNA sequence d(G~4~T~4~G~4~) reveals that ion movement is 80 times slower in the case of the unimolecular G-quadruplex studied here. Figure 1.(**A**) Topology of unimolecular G-quadruplex adopted by d\[G~4~(T~4~G~4~)~3~\] and -ion-binding sites. The three binding sites are labeled as O~1~, I and O~2~. The guanine bases are shown as numbered rectangles, where cyan and magenta rectangles represent nucleobases in *anti* and *syn* conformation, respectively. (**B**) Birds-eye view of a ion above an individual G-quartet.

MATERIALS AND METHODS
=====================

Sample preparation
------------------

The oligonucleotide d\[G~4~(T~4~G~4~)~3~\] was synthesized on an Expedite 8909 synthesizer using standard phosphoramidite chemistry and deprotected with concentrated aqueous ammonia. DNA was then purified by passage over a 1.0 m Sephadex G15 column. Fractions containing only full-length oligonucleotide were pooled, lyophilized, redissolved in 1 ml H~2~O and dialyzed against 40 mM ^15^NH~4~Cl overnight. Samples were lyophilized and subsequently redissolved in 0.3 ml of 95% H~2~O--5% ^2^H~2~O. LiOH or HCl were added to adjust pH of NMR samples to 6.0. Oligonucleotide concentration was 1.8 mM.

NMR spectroscopy
----------------

NMR data were collected on a Varian Unity Inova 600 MHz NMR spectrometer. Standard 1D ^1^H spectra were acquired with 16 k complex points, a spectral width of 10 kHz and 128 scans using WATERGATE solvent suppression. 2D NOESY spectra were acquired at mixing times of 80 and 300 ms with 4 k complex points in F2 and 320 increments in F1 dimensions, 16 scans for each increment and spectral width of 10 kHz in both dimensions at 298 K. Twenty different gradient strengths (0.53--20.55 G/cm) were used in diffusion experiments (BPPSTE) with 16 k complex points, a spectral width of 10 kHz, 64 scans and WATERGATE solvent suppression at 298 K. ^15^N--^1^H HSQC spectra were acquired at 293 K with 1024 complex points in the F2 dimension and 256 increments in the F1 dimension, 16 scans for each increment and a spectral width of 4 kHz in F2 and 1 kHz in F1. ^15^N--^1^H NzExHSQC spectra were acquired with 1024 complex points in the F2 and 256 increments in the F1 dimensions, 16 scans for each increment and a spectral width of 4 kHz in F2 and 1 kHz in F1. Cross-peaks in this experiment appear due to the movement of ions from an initial to a different chemical environment during the mixing time (τ~m~). The magnetization of during the mixing time is in N~z~ state. A series of NzExHSQC spectra at mixing times of 13, 50, 100, 200, 300, 400, 500 and 600 ms were acquired at 283, 293, 303 and 313 K. Quantitative analysis of cross-peak volumes as a function of mixing time was used to determine rate constants for site exchange.

Data analysis
-------------

Volumes of cross-peaks were integrated using Varian VNMRJ 2.1A software. All volumes at a given temperature were integrated relative to the most intense autocorrelation peak (O~1~ at τ~m~ of 13 ms). The arbitrary volume of 1.00 in the figures was assigned to volume of autocorrelation peak O~1~ at τ~m~ of zero. Iterative least-square fitting was done with Origin 7.5 software ([www.originlab.com](www.originlab.com)). Errors in variables are reported as calculated by the Origin program and are estimates of standard deviation. Quality of the fits is expressed as root mean square deviation (RMSD).

RESULTS
=======

d\[G~4~(T~4~G~4~)~3~\] folds into a unimolecular quadruplex in the presence of ions
-----------------------------------------------------------------------------------

The oligonucleotide d\[G~4~(T~4~G~4~)~3~\] has been folded into a G-quadruplex structure by overnight dialysis against a 40 mM ^15^NH~4~Cl solution, which resulted in well-resolved imino (and other) resonances in ^1^H NMR spectra ([Figure 2](#F2){ref-type="fig"}A and B). The chemical shifts of 16 imino protons were different from those reported for the same oligonucleotide in the presence of Na^+^ ions ([@B1]). This is not surprising because the different ionic radii of the two cations can induce differences in the local structure of the G-quadruplex, which lead to different shielding of imino protons by the nearby aromatic ring currents. In addition, and Na^+^ ions can themselves exert distinct (de)shielding due to their different electrostatic densities and different preferred positions between neighboring G-quartets. Our initial assumption that the general fold of the G-quadruplex is the same in the presence of Na^+^ and cations was substantiated by acquiring a series of NOESY spectra, by measuring translational diffusion coefficients and by other NMR experiments. The fold-back nature of the unimolecular d\[G~4~(T~4~G~4~)~3~\] quadruplex was confirmed by the presence of eight guanines in *syn* conformation, which is in full accordance with the NMR structure of the Na^+^ form ([Figure 1](#F1){ref-type="fig"}). Additionally, if both Na^+^ and forms of G-quadruplex exhibit the same folding topology their hydrodynamic properties should be the same. Pulsed-field gradient spin-echo diffusion experiments were used to determine translational diffusion coefficients of 1.2 × 10^−6^ and 1.1 × 10^−6^ cm^2^/s for the Na^+^ and NH~4~^+^ forms, respectively. The equivalence of these diffusion coefficients, within the experimental error, also supports equivalent folding topologies. Figure 2.Aromatic (**A**) and imino (**B**) regions of ^1^H NMR spectrum of form of d\[G~4~(T~4~G~4~)~3~\] G-quadruplex at 298 K. Plot of 2D ^15^N--^1^H HSQC spectrum (**C**). The cross-peak corresponding to ions in bulk is labeled as B, while those residing at the binding sites within the G-quadruplex are labeled as O~1~, O~2~ and I.

Cation localization
-------------------

The -ion-binding sites within the d\[G~4~(T~4~G~4~)~3~\] G-quadruplex were identified with the use of 2D ^15^N--^1^H HSQC NMR spectra. Analysis of these spectra revealed four peaks that correspond to ions in four distinct chemical environments ([Figure 2](#F2){ref-type="fig"}C).

The most intense peak at δ(^1^H) of 7.10 p.p.m. corresponds to ions in bulk solution, while the three smaller peaks correspond to ions occupying different binding sites within the G-quadruplex. The -ion-binding sites are located between pairs of adjacent G-quartets. The cross-peaks with the similar ^1^H NMR chemical shifts of 7.38 and 7.36 p.p.m. were assigned to the outer binding sites O~1~ and O~2~, respectively. Their chemical shifts along the ^15^N dimension are 38.18 and 38.35 p.p.m., respectively ([Figure 2](#F2){ref-type="fig"}C). The cross-peak at δ(^1^H) of 7.28 p.p.m. was assigned to the inner binding site (I). The assignment of bound ions and their localization sites were confirmed by 2D NOESY data. The outer binding site designated as O~1~ was assigned to the intra-quadruplex binding site near the outer G-quartet that is spanned by the diagonal T~4~ loop. The outer binding site designated as O~2~ was assigned to site composed of the outer G-quartet spanned by the two lateral loops (*vide infra*). It has been previously suggested that cations may reside between the outer G-quartets and T~4~ loops with greater residence times than delocalized cations. Our NMR data does not offer support for ions residing at loop-binding sites, or at least not cations with relatively long (e.g. millisecond) resonance times, as we only observe a single NMR resonance corresponding to bulk ions.

It is noteworthy that volume integrals of these three cross-peaks in HSQC spectrum are not the same. The ratios of volume integrals of cross-peaks O~1~, I and O~2~ at 130 mM ion concentration are 1.0:0.7:0.7, respectively. The occupancies of binding sites O~1~, I and O~2~ calculated on the basis of equilibrium binding constants at 1.8 mM G-quadruplex and 130 mM ion concentrations are 90, 75 and 80%, respectively.

ion movement
------------

Cations inside the d\[G~4~(T~4~G~4~)~3~\] quadruplex are not static, as demonstrated by several cross-peaks in NzExHSQC spectra, which are observed in addition to the four autocorrelation peaks in standard ^1^H--^15^N HSQC spectra ([Figures 2](#F3){ref-type="fig"}C and [3](#F3){ref-type="fig"}). These cross-peaks clearly show that during mixing time (τ~m~) a fraction of ions move from their initial binding site to another binding site within the G-quadruplex, or out into bulk solution. A two-letter code is used in [Figure 3](#F3){ref-type="fig"} to denote the initial and final locations of certain ions over the course of an NMR pulse sequence. A series of NzExHSQC spectra were acquired with different mixing times in the range from 13 ms to 3 s, and at several temperatures. Two initial observations are noteworthy. First, at short mixing times (up to ∼50 ms) the volumes of ion site-exchange cross-peaks grow more slowly than previously demonstrated for the bimolecular G-quadruplex of d(G~4~T~4~G~4~) ([@B49],[@B61]). Thus, ion movement is slow within the unimolecular d\[G~4~(T~4~G~4~)~3~\] quadruplex in comparison to the dimeric d\[G~4~T~4~G~4~\]~2~ quadruplex ([@B49]). Second, certain autocorrelation peaks (e.g. O~1~ and I) persist for mixing times as long as 3 s and their signal intensities reduce more slowly than expected for cations participating in site exchange. Figure 3.Plot of 2D ^15^N--^1^H NzExHSQC spectrum (τ~m~ = 500 ms) of d\[G~4~(T~4~G~4~)~3~\] quadruplex at 293 K. The autocorrelation peaks are labeled with single letter, while the cross-peaks, which confirm movement of ions are labeled with two letters where the first indicates the initial and the second the final location. Asterisk denotes cross-peaks of deuterium isotopomers of ammonium ions.

Inspection of [Figure 3](#F3){ref-type="fig"} clearly demonstrates ion movement between the three binding sites within the d\[G~4~(T~4~G~4~)~3~\] quadruplex. A portion of ions from the inner binding site moved to two outer binding sites. Considerable overlap due to nearly identical ^1^H chemical shifts for ions bound at sites O~1~ and O~2~ resulted in the observation of only a single combined cross-peak for the movement of ions from the inner binding site, I, to both outer binding sites (i.e. IO*~x~* in [Figure 3](#F3){ref-type="fig"}). However, upon close examination it becomes evident that the IO*~x~* cross-peak is not symmetric. This asymmetry reveals that more ions moved from the inner binding site to the site O~1~ in comparison to O~2~. ions are also observed to move from the outer binding sites to the inner binding site. We observed two resolved cross-peaks (i.e. O~1~I and O~2~I in [Figure 3](#F3){ref-type="fig"}). A comparison of the O~1~I and O~2~I cross-peaks reveals that more ions move to the inner binding site from the site O~1~ than from O~2~.

The cross-peaks corresponding to exchange from the interior of the G-quadruplex into bulk solution were also observed ([Figure 3](#F3){ref-type="fig"}). The cross-peak O~2~B is significantly more intense than O~1~B which suggests that more ions move into bulk through binding site O~2~. ions from bulk solution enter the interior of G-quadruplex almost exclusively through the O~2~ site, which leads to cross-peak BO~2~. The cross-peaks anticipated for movement of cations from bulk to O~1~ and I (i.e. BO~1~ and BI) are not observed above the noise level, presumably due to their low intensity and broad nature.

Some NzExHSQC cross-peaks in [Figure 3](#F3){ref-type="fig"} denote a two-step ion movement during the mixing time of the NMR experiment. The IB cross-peak corresponds to a two-step movement from binding site I into bulk via one of the outer binding sites. Exchange between the outer sites (O~1~O~2~ and O~2~O~1~) may also take place. However, the movement of between binding sites O~1~ and O~2~ cannot be experimentally substantiated by existing NzExHSQC spectra due to spectral overlap and low intensities of the relevant cross-peaks. Taken together, our qualitative analysis of cross-peak volumes reveals that there is no ion-channel-like net traffic of ions through the G-quadruplex. ions move back and forth between the binding sites within the G-quadruplex and exchange with ions in bulk solution.

Exchange rate constants for ion movement within d\[G~4~(T~4~G~4~)~3~\]
----------------------------------------------------------------------

A quantitative analysis of ion movement was conducted based upon a series of NzExHSQC spectra where the mixing time (τ~m~) was systematically increased from the lowest possible value of 13 ms, which is determined by the inherent delays of the pulse sequence and spectrometer hardware, to values over 1 s, where signal intensities are reduced significantly by nuclear spin relaxation. We attempted to completely analyze the relationship between autocorrelation and cross-peaks' volume integrals as a function of mixing time in terms of ion movements. There are eight possible single-step ion movements taking place within the G-quadruplex and between the quadruplex and bulk solution. These exchange events are designated in our nomenclature as IO~1~, IO~2~, O~1~I, O~2~I, BO~1~, BO~2~, O~1~B and O~2~B. Only the cross-peaks corresponding to O~1~I and O~2~I could be quantitatively evaluated due to the above-mentioned spectral overlap and low signal intensity of cross-peaks corresponding to exchange with bulk solution. The complete analysis of all possible ion site exchange steps by simultaneous equations proved impossible to solve uniquely with the available experimental data because the number of competing exchange processes exceeds the number of experimental observables. Therefore, our analysis of ion movement has concentrated on individual processes, which afforded resolved cross-peaks in NzExHSQC spectra.

Each ion at any of the three binding sites within G-quadruplex can, in principle, move to either of two binding sites (which includes movement to bulk solution for cations initially at O~1~ and O~2~). An ion that moves from one binding site to the other can move back to its original binding site, to the next binding site or into the bulk solution, and so forth. The longer the mixing time, the more exchange scenarios (i.e. double, triple) that must be taken into consideration. In order to simplify our analysis, we have quantitatively analyzed only NzExHSQC spectra with mixing times up to 600 ms. The basic model in which ions are allowed to move from binding site 1 through the intermediate G-quartet plane to binding site 2 was introduced, [Equation (1)](#M1){ref-type="disp-formula"}, where *k* represents exchange rate constant. According to [Equation (1)](#M1){ref-type="disp-formula"}, the volume of cross-peak corresponding to movement of ions to binding site 2 increases as a function of mixing time (τ~m~). Exchange cross-peaks also decrease in intensity due to spin relaxation (*T*~1~). These two factors contribute to cross-peak volume and can be expressed by [Equation (2)](#M2){ref-type="disp-formula"}. Iterative least-square fitting of experimental O~1~I and O~2~I cross-peak volumes by optimizing *k* and *T*~1~ parameters in [Equation (2)](#M2){ref-type="disp-formula"} showed good agreement between experimental data and the simple model for exchange peak intensity ([Figure 4](#F4){ref-type="fig"}). Exchange rate constants and *T*~1~ relaxation times are reported in [Table 1](#T1){ref-type="table"}. The largest individual discrepancy between the experimental data point and the fitted curve was 0.01 normalized volume units with low RMSD. The curve fitting of the data shown in [Figure 4](#F4){ref-type="fig"} confirmed that cross-peak volumes depend upon specific site-to-site exchange rates and *T*~1~ values for each site. At 283 K, ion movements from O~1~- and O~2~-binding sites into the inner binding site are relatively slow, with the low exchange rate constants of 0.05 and 0.07 s^−1^, respectively ([Table 1](#T1){ref-type="table"}). Both rates increase with increasing temperature. Exchange rate constants corresponding to the O~1~I and O~2~I processes are comparable in the temperature range from 283 to 303 K ([Table 1](#T1){ref-type="table"}). At 313 K, however, the exchange rate constant becomes greater for O~1~I (0.66 s^−1^) than for O~2~I process (0.50 s^−1^), which is clearly evident from examination of the experimentally observed cross-peak volumes in [Figure 4](#F4){ref-type="fig"}B. *T*~1~ relaxation also plays a determining role for individual O~1~I and O~2~I cross-peak volumes at a given temperature ([Table 1](#T1){ref-type="table"}). Interestingly, *T*~1~ relaxation times are shorter for O~2~I in comparison to O~1~I cross-peak. As expected, *T*~1~ relaxation time is reduced when the temperature is increased from 293 to 313 K. At 283 K, *T*~1~ values are somewhat lower than expected because there is no clear inflection in the experimental data points, which makes the fitting procedure less sensitive to *T*~1~ values and thus its calculated value less accurate ([Table 1](#T1){ref-type="table"}). Table 1.Exchange rate constants (*k*) and longitudinal relaxation times (*T*~1~) for the movement of ions from the two outer into the inner binding sites*T* (K)O~1~I process[\*](#TF1){ref-type="table-fn"}O~2~I process[\*](#TF1){ref-type="table-fn"}*k* (s^−1^)*T*~1~ (s)RMSD*k* (s^−1^)*T*~1~ (s)RMSD2830.05 (±0.01)0.77 (±0.26)0.002400.07 (±0.01)0.57 (±0.09)0.003042930.16 (±0.01)0.80 (±0.11)0.001870.14 (±0.02)0.57 (±0.08)0.001913030.36 (±0.04)0.60 (±0.09)0.005020.37 (±0.05)0.38 (±0.05)0.004133130.66 (±0.05)0.46 (±0.04)0.005730.50 (±0.06)0.30 (±0.03)0.00395[^1] Figure 4.Relative volumes of cross-peaks as a function of mixing time (τ~m~) at 283 K (**A**) and 313 K (**B**). Red open circles and black filled squares represent experimental data points for O~1~I and O~2~I cross-peaks, respectively. Curves represent the best fits of the experimental data to [Equation (2)](#M2){ref-type="disp-formula"}.

A similar analysis was not possible for the reverse processes (i.e. IO~1~ and IO~2~) due to nearly identical chemical shifts of both cross-peaks in the ^1^H dimension of the NzExHSQC spectrum. The intensity of the IO*~x~* cross-peak therefore corresponds to the weighted sum of the two contributions. The volume integral of the IO*~x~* cross-peak is approximately equal to twice the sum of volumes of O~1~I and O~2~I cross-peaks at a given mixing time. According to [Equation (2)](#M2){ref-type="disp-formula"}, the IO*~x~* cross-peak is characterized by two individual exchange rate constants and two longitudinal relaxation times for the IO~1~ and IO~2~ processes. These four variables could not be calculated by fitting the IO*~x~* experimental data set. The use of *k* and *T*~1~ values derived from O~1~I and O~2~I cross-peaks ([Table 1](#T1){ref-type="table"}) could not reproduce the experimentally observed volumes for IO*~x~* cross-peak using [Equation (2)](#M2){ref-type="disp-formula"}. The amount of ions that move from binding site I to the outer binding sites is under steady-state conditions the same as the amount of ions moving back. However, individual cross-peaks that correspond to specific ion movement within the G-quadruplex are characterized with individual rate constants and *T*~1~ relaxation times that cannot be simply transferred from one to the other. The decrease of volume of a given cross-peak as a function of mixing time is a complex function of *T*~1~ relaxation at the initial and final binding sites as well as many other phenomena (e.g. proton exchange).

Movement of ions into bulk solution
-----------------------------------

The intensity of cross-peaks corresponding to ion movement from G-quadruplex into bulk is reduced due to proton exchange with bulk solvent. At neutral pH, exchange of protons is sufficiently fast that cross-peaks involving bulk ions (B) are broadened to baseline. The same applies for cross-peaks corresponding to the movement of ions into bulk solution from within the G-quadruplex. We were therefore able to follow the movement of ions into and from bulk solution only for samples with pH ≤ 6. The cross-peaks O~1~B and O~2~B showed distinct behavior as a function of mixing time ([Figure 5](#F5){ref-type="fig"}). Movement of ions from the binding site O~2~ into bulk solution is characterized by the exchange rate constant of 0.75 s^−1^ at 293 K ([Table 2](#T2){ref-type="table"}). Observed changes in cross-peak volumes as a function of mixing time are fitted well by [Equation (2)](#M2){ref-type="disp-formula"} ([Figure 5](#F5){ref-type="fig"}). The largest individual discrepancy between the experimental data points and the fitted curve was 0.03 normalized volume units, with low RMSD ([Table 2](#T2){ref-type="table"}). Movement of ions from binding site O~1~ to bulk solution is almost five times slower. The data obtained for both of these exchange processes are also influenced by relaxation. Curve fitting revealed that *T*~1~ relaxation time is more than twice as long for O~1~B in comparison to the O~2~B process ([Table 2](#T2){ref-type="table"}). Table 2.Exchange rate constants (*k*) and longitudinal relaxation times (*T*~1~) for the movement of ions from the outer binding sites into bulk solution at 293 K*T* (K)O~1~B process[\*](#TF2){ref-type="table-fn"}O~2~B process[\*](#TF2){ref-type="table-fn"}*k* (s^−1^)*T*~1~ (s)RMSD*k* (s^−1^)*T*~1~ (s)RMSD2930.16 (±0.03)2.63 (±2.44)0.004780.75 (±0.08)1.19 (±0.27)0.00953[^2] Figure 5.Relative volumes of O~1~B (red open circles) and O~2~B (black filled squares) cross-peaks as a function of mixing time (τ~m~) at 293 K. Curves represent the best fit of the experimental data to [Equation (2)](#M2){ref-type="disp-formula"}.

Quantitative analysis of autocorrelation peaks
----------------------------------------------

The movement of ions from certain binding site results in exponential decrease of volume for the corresponding autocorrelation peak with increasing mixing time. Simultaneously autocorrelation peak is reduced by various types of relaxation. Attempts to fit our experimental data revealed that exponential function with a single rate constant does not adequately describe the observed decrease in autocorrelation peak volume (*V*~auto~) as a function of mixing time (τ~m~). However, good agreement with experimental data points was achieved using a biexponential function \[[Equation (3)](#M3){ref-type="disp-formula"}\], where *f* is the fraction of autocorrelation peak decay through the faster relaxation mechanism, *d*~1~ and *d*~2~ are the rate constants of the fast and slow relaxation mechanisms, respectively. The use of [Equation (3)](#M3){ref-type="disp-formula"}, where parameters *f, d*~1~ and *d*~2~ were freely optimized resulted in satisfactory agreement between the experimental data and calculated parameters ([Figure 6](#F6){ref-type="fig"}). Reproducible optimized parameter sets were obtained from a wide range of starting parameters. The results of iterative fitting procedure are given in [Table 3](#T3){ref-type="table"}. Table 3.Temperature dependence of parameters[\*](#TF3){ref-type="table-fn"} describing volume integrals of autocorrelation peaks for ions within d\[G~4~(T~4~G~4~)~3~\]*T* (K)*fd*~1~ (s^−1^)*d*~2~ (s^−1^)RMSD**Binding site I**2830.31 (±0.01)9.1 (±0.7)0.32 (±0.04)0.001782930.27 (±0.02)10.2 (±1.4)0.57 (±0.06)0.003563030.26 (±0.02)8.0 (±0.9)0.81 (±0.06)0.001663130.3--0.64.0--8.00.4--1.3\>0.00328**Binding site O**~1~2830.37 (±0.02)8.8 (±0.8)0.76 (±0.07)0.002792930.37 (±0.02)7.5 (±0.5)0.81 (±0.06)0.001703030.31 (±0.02)8.7 (±0.7)1.32 (±0.06)0.001843130.4--1.04.0--7.00.0--2.0\>0.00220**Binding site O**~2~2830.32 (±0.02)15.8 (±1.8)1.30 (±0.07)0.003842930.33 (±0.02)14.1 (±1.7)1.82 (±0.09)0.003843030.38 (±0.03)10.9 (±1.0)2.48 (±0.11)0.001883130.4--0.88.0--14.01.5--3.5\>0.00156[^3] Figure 6.Relative volumes of autocorrelation peaks as a function of mixing time (τ~m~) at 283 K (**A**) and 313 K (**B**). Black filled squares, blue open triangles and red open circles represent the experimental points for the autocorrelation peaks I, O~1~ and O~2~, respectively. Curves represent the best fits of the experimental data to [Equation (3)](#M3){ref-type="disp-formula"}.

The two rate constants *d*~1~ and *d*~2~ differ considerably for a given binding site and temperature ([Table 3](#T3){ref-type="table"}). The rate constant *d*~1~ is higher and cannot be correlated to the rate(s) of ion movement. Furthermore, the mechanism of decrease of volume of autocorrelation peak, which is not well understood, involves many terms including cross-correlated relaxation. The slow relaxation mechanism characterized by rate constant *d*~2~ accounts for the movement of ions from the binding site, which is combined with *T*~1~ relaxation. Dynamics of ion movement and *T*~1~ relaxation are accelerated with increasing temperature ([Table 3](#T3){ref-type="table"}), which is reflected in the observed increase in the rate constant *d*~2~. On the other hand, the fast relaxation mechanism characterized by rate constant *d*~1~ does not appear to be significantly influenced by increasing temperature. At the shortest mixing time of 13 ms, however, the autocorrelation peak is already reduced considerably, which renders the *d*~1~ rate constants less precisely defined. The values for individual binding sites at four temperatures are essentially the same, within experimental error. At 313 K, the rate constants *d*~1~ and *d*~2~ could not be determined unambiguously. Very good agreement between the experimental data points and [Equation (3)](#M3){ref-type="disp-formula"} was achieved for a range of *d*~1~ and *d*~2~ values, with an appropriate adjustment of parameter *f* ([Table 3](#T3){ref-type="table"}).

Activation energy
-----------------

The temperature-dependent *k* values for the O~1~I and O~2~I processes from [Table 1](#T1){ref-type="table"} were used to construct an Arrhenius plot ([Figure 7](#F7){ref-type="fig"}). The extracted activation energies for exchange of ions from the outer sites to the inner site are 64.2 and 50.7 kJ mol^−1^ for O~1~I and O~2~I movements, respectively. Calculations according to Eyring theory indicate activation enthalpies (Δ*H*^‡^) and entropies (Δ*S*^‡^) of 60.7 kJ mol^−1^ and --53.8 J mol^−1^ K^−1^ for O~1~I and 48.3 kJ mol^−1^ and --95.8 J mol^−1^ K^−1^ for O~2~I. Figure 7.Arrhenius plot for O~1~I and O~2~I movements. Red open circles and black filled squares represent the experimental points for the cross-peaks O~1~I and O~2~I, respectively.

DISCUSSION
==========

d\[G~4~(T~4~G~4~)~3~\] has been folded into unimolecular G-quadruplex in 130 mM aqueous solution of ^15^NH~4~Cl. This 28-mer sequence with the four G~4~ repeats folds into G-quadruplex with four G-quartets. Our NMR data on folded oligonucleotide in the presence of ions are consistent with the 3D structure determined earlier by Wang and Patel ([@B1]) in the presence of Na^+^ ions. Three ions have been localized within the intramolecular d\[G~4~(T~4~G~4~)~3~\] quadruplex structure. In addition, cations have been shown to move among their preferred binding sites within G-quadruplex and with bulk solution. Their movement has been analyzed in a quantitative manner through the interpretation of several cross-peaks in 2D ^1^H--^15^N NzExHSQC spectra.

Cross-peaks in NzExHSQC spectra corresponding to ions that have moved from one to the other binding site are very weak relative to the autocorrelation peaks especially in comparison to bulk. Initially cross-peak volumes increase with lengthening of mixing time as more and more ions move from their original locations. At certain mixing time (τ~m~ \> 200 ms), inflection point is observed when relaxation overtakes ion movement, which results in decrease of cross-peak\'s volume. Two well-resolved cross-peaks (O~1~I and O~2~I) correspond to the movement of ions from the two outer binding sites into the inner binding site. For these two cross-peaks, individual exchange rate constants and relaxation times have been calculated. At 283 K, exchange rate constants for O~1~I and O~2~I processes are 0.05 and 0.07 s^−1^, respectively. The corresponding residence lifetimes are therefore 20 and 14 s. Temperature rise results in the increase in rate constants and concomitant shortening of residence lifetimes to 1.5 and 2.0 s for O~1~I and O~2~I processes at 313 K, respectively. Volumes of cross-peaks are further tuned by longitudinal relaxation. Analysis showed that O~1~I and O~2~I processes are characterized by T~1~ relaxation times of 0.77 and 0.57 s at 283 K, which are reduced to 0.46 and 0.30 s at 313 K, respectively. The third resolved cross-peak (IO*~x~*) corresponding to ion movement within d\[G~4~(T~4~G~4~)~3~\] G-quadruplex has been observed for the reverse movement, but did not offer sufficient chemical shift difference to analyze IO~1~ and IO~2~ cross-peaks individually. However, the asymmetry of IO*~x~* cross-peak has shown that more ions move from the inner binding site to the site O~1~ in comparison to O~2~.

Interpretation of kinetic data on movement of ions between the inside of the G-quadruplex and bulk solution is more challenging due to proton exchange with solvent. The loss in intensity of cross-peaks due to exchange with bulk proved to be considerable and highly pH dependent. The same goes for any cross-peaks for exchange with bulk. Three cross-peaks (O~1~B, O~2~B and IB) correspond to movement of ions from the binding sites within G-quadruplex to bulk. The fourth resolved cross-peak, BO~2~ corresponds to the movement of bulk ions into G-quadruplex. The O~2~B cross-peak is much more intense than O~1~B suggesting that most of the ions leave G-quadruplex through O~2~-binding site. Similarly, the vast majority of ions enter G-quadruplex through the O~2~-binding site. The BO~2~ cross-peak, however, exhibits broad line which prevents its quantitative analysis. We were able to calculate the individual exchange rate constants for O~1~B and O~2~B processes. Although they are not directly comparable to the exchange rate constants within d\[G~4~(T~4~G~4~)~3~\] due to loss by proton exchange, the O~2~B exchange rate constant of 0.75 s^−1^ at 293 K demonstrates that ion exchange with bulk is faster than exchange within the G-quadruplex. The comparison of O~2~B and O~1~B exchange rate constants shows that O~2~B process is roughly five times faster at 293 K.

Volumes of O~1~, I and O~2~ autocorrelation peaks are decreasing with mixing time (τ~m~). The starting values (extrapolated to τ~m~ = 0 s) of the three peaks are not the same due to different ion occupancies of the binding sites. Qualitatively, the volumes for autocorrelation peaks for the two outer binding sites decrease at roughly the same rate, while decrease for the inner binding site is noticeably slower. The decrease of autocorrelation peak volumes has been described with a biexponential function of mixing time. All three autocorrelation peaks initially decay quickly with characteristic *d*~1~ values between 7.5 and 14.1 s^−1^ at 293 K. This fast relaxation process makes up from 26 to 38% of the total signal decay of autocorrelation peaks in the temperature range from 283 to 303 K. It is interesting to note that this fast process exhibits small if any temperature dependence. The second rate constant, *d*~2~, represents the sum of the rate constants for ion movements from a specific binding site and relaxation (1/*T*~1~) at that binding site. It increases with the rise in temperature. Its values are the lowest for the binding site I (e.g. 0.57 s^−1^ at 293 K) and the highest for O~2~ (e.g. 1.82 s^−1^ at 293 K). ions occupying binding site I experience longer *T*~1~ relaxation times than ions occupying the two outer binding sites.

The ionic radius of ion is too large to allow it a free passage through G-quartets. In comparison, the smaller Na^+^ ion can fit in the plane of a G-quartet which intimately facilitates its movement. It is noteworthy however, that the consideration of cation interactions of K^+^ and Na^+^ with respect to ions cannot be based solely on cation size. ions are potential hydrogen-bond donors, which is a feature that distinguishes them strongly from alkali cations. G-quartet has to open slightly for ion movement to occur. In this way, the rigidity of individual G-quartet is directly related to exchange rate constant. Movement within d\[G~4~(T~4~G~4~)~3~\] G-quadruplex requires partial opening of at least one of the inner G-quartets. The inner core of the G-quadruplex appears to be relatively rigid resulting in slow exchange rates of inner ions. On the other hand, the exchange rate constants through the outer G-quartets differ substantially which can be attributed to the different structure of T~4~ loops. One of the T~4~ loops near the binding site O~1~ spans the diagonal of the outer G-quartet. The diagonal loop makes the neighboring G-quartet tighter which is reflected in slower rates for movement of ions from O~1~-binding site. In addition, this loop represents steric barrier for the ion movement from bulk into the interior of G-quadruplex and *vice versa*. Two T~4~ loops on the other side of the G-quadruplex that span along the opposite edges of the outer G-quartet allow for the two halves of this G-quartet to open more easily upon the passage of ion(s). The two T~4~ loops can swing to the sides and allow easier passage of ions. The stiffness and steric hindrance contribute to the 5-fold difference in the exchange rate constants through the outer G-quartets in d\[G~4~(T~4~G~4~)~3~\] G-quadruplex.

The related sequence d\[G~4~T~4~G~4~\] consisting of 1.5 telomeric repeat of *O. nova* has been shown to exhibit three -ion-binding sites within its bimolecular G-quadruplex structure ([@B49]). ions move along the central axis of the G-quadruplex. The exchange rate constant of the central ion is 4 s^−1^ at 283 K ([@B49],[@B61]), which is 80 times faster than in the case of unimolecular G-quadruplex studied here. Bimolecular d\[G~4~T~4~G~4~\]~2~ quadruplex is a symmetric system and there is a single cross-peak that experimentally demonstrates movement from the inner to the outer binding sites. In comparison, d\[G~4~(T~4~G~4~)~3~\] quadruplex exhibits two separate cross-peaks for the two outer binding sites (O~1~ and O~2~). Our analysis has shown that O~1~I and O~2~I exchange rate constants are comparable within the 283--303 K temperature range. At 313 K, however, O~1~I process becomes more efficient which suggests local thermal lability of d\[G~4~(T~4~G~4~)~3~\] G-quadruplex. A recent study based on quantitative analysis of ^h2^J~N2N7~ coupling constants across hydrogen bonds revealed that the 5′ strand end is the most thermolabile region of bimolecular quadruplex adopted by d\[G~4~T~4~G~4~\]~2~ ([@B63]). The slower movement of ions within d\[G~4~(T~4~G~4~)~3~\] quadruplex results in slower decrease in intensity of autocorrelation peaks in comparison to d\[G~4~T~4~G~4~\]~2~. The actual volumes are the result of ^15^N longitudinal relaxation which depends on the structure of G-quadruplex. The combined effect of ion movement and T~1~ relaxation is manifested through autocorrelation peaks which persist till mixing times as long as 3 s in d\[G~4~(T~4~G~4~)~3~\] quadruplex. The current study adds insight to our understanding of the role of cations for stability as well as flexibility of G-quadruplex structures which are important factors in a control of assembly and disassembly of this unique DNA structures.

CONCLUSION
==========

d\[G~4~(T~4~G~4~)~3~\] has been folded into unimolecular G-quadruplex in the presence of ions. NMR study confirmed that its topology is consistent with the 3D structure determined earlier by Wang and Patel ([@B1]) in the presence of Na^+^ ions. d\[G~4~(T~4~G~4~)~3~\] G-quadruplex exhibits four G-quartets with three -ion-binding sites. ions have been utilized as NMR probes to localize cations within the intramolecular d\[G~4~(T~4~G~4~)~3~\] quadruplex and follow their movement amongst the preferred binding sites within G-quadruplex and with bulk solution. Quantitative analysis has clearly shown that there is no unidirectional ion movement through the central cavity of the G-quadruplex. ion movement is controlled by thermodynamic preferences of individual binding sites, steric restraints of G-quartets for ion passage and structure of T~4~ loops. The analysis of volumes of two well-resolved cross-peaks (O~1~I and O~2~I) corresponding to the movement of ions from the two outer binding sites into the inner binding site afforded the exchange rate constants of 0.05 and 0.07 s^−1^ at 283 K. Temperature rise results in the increase in rate constants to 0.66 and 0.50 s^−1^ for O~1~I and O~2~I processes at 313 K, respectively. Volumes of cross-peaks are further tuned by *T*~1~ relaxation. The O~2~B exchange rate constant of 0.75 s^−1^ at 293 K demonstrates that ion exchange with bulk is faster than exchange within the G-quadruplex. Furthermore, the comparison of O~2~B and O~1~B exchange rate constants shows that O~2~B process is roughly five times faster at 293 K. The results presented in this article show that structural details define stiffness of G-quadruplex structure that intimately affects cation () movement. In this way, experimental NMR data on dynamics of cation movement can serve as a probe into (non)flexibility of specific regions of quadruplex structures.
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[^1]: \*Values were obtained through iterative fitting of the experimental data to [Equation (2)](#M2){ref-type="disp-formula"}. Quality of the individual fits is expressed as RMSD. Errors of individual *k* and *T*~1~ values are given in brackets.

[^2]: \*See footnote to [Table 1](#T1){ref-type="table"}.

[^3]: \*Optimized values for fraction *f* and rate constants *d*~1~ and *d*~2~ were obtained through iterative fitting of experimental data to [Equation (3)](#M3){ref-type="disp-formula"}. Quality of the individual fits is expressed as RMSD. Errors of individual *f, d*~1~ and *d*~2~ values are given in brackets.
